The Christmas Island flying fox (Pteropus melanotus natalis) is thought to be declining to critically low levels. Mitochondrial sequences of the cytochrome oxidase 1 (CO1) and cytochrome b (Cytb) genes and the D-loop were generated from 28 animals and used with maximum likelihood, Bayesian inference, and maximum parsimony methods to determine its relationship to other Pteropus species. In all analyses, P. m. natalis mapped to a large clade containing Pacific Ocean island and Australian Pteropus species. Analysis using the large numbers of available Cytb sequences for Pteropus showed that P. m. natalis maps to a subclade that contains P. hypomelanus sequences from bats originating from Pulau Panjang, an island off the northeast coast of Java. P. hypomelanus was found to be polyphyletic, mapping to 3 separate subclades. These 3 genetically and geographically defined populations are likely to represent 3 separate species. Eighteen D-loop haplotypes were identified, suggesting that P. m. natalis maintains a degree of genetic diversity similar to other insular flying fox species.
The genus Pteropus is widely distributed across a large expanse of the Paleotropics and Australia (Juste et al 1999; Simmons 2005) . It is estimated that this genus has evolved over 8 million years and contains approximately 63 species. Based on recent work, Pteropus can be divided into 3 major clades and 13 species groups. The 3 clades are composed of a basal clade of species from Melanesia and Mircronesia, a well-defined clade containing the western Indian Ocean and related species, and a clade containing Pacific Ocean and Australian species. Two species, P. scapulatus and P. lombocensis, represent species groups that only contain 1 species (Almeida et al. 2014) .
Many Pteropus species have established allopatric populations on remote islands and have quickly developed distinct morphological characteristics (Simmons 2005) . These isolated populations also can be distinguished genetically (Bastian et al. 2002; Esselstyn et al. 2008; Giannini et al. 2008; O'Brien et al. 2009; Brown et al. 2011; Chan et al. 2011; Almeida et al. 2014 ).
Multiple long-distance colonization events of Pteropus have occurred making classification based on geographical location difficult to predict without genetic data (Almeida et al. 2014) .
A representative island-dwelling flying fox is the Christmas Island flying fox (Pteropus melanotus natalis). P. m. natalis is only found on Christmas Island, a remote volcanic island that is 360 km from Java, the next closest land mass. Based on morphology, it has been proposed that P. m. natalis is 1 of 5 or 6 subspecies of P. melanotus referred to collectively as Blyth's flying fox (Andersen 1912; Chasen 1940; Koopman 1993) . The subspecies are distributed across the Andaman and Nicobar Islands, the Mentawai Islands, and Christmas Island (Fig. 1) . No studies on the genetics or genetic diversity of P. melanotus and its subspecies have been undertaken and so their relationship to other Pteropus species is not known.
Pteropus melanotus natalis is the last terrestrial native mammal on Christmas Island. This follows the extirpation of Maclear's rat (Rattus macleari), the bulldog rat (Rattus nativitatis- Wyatt et al. 2008) , the Christmas Island shrew (Crocidura attenuata trichura -Meek 2000) and, most recently, the Christmas Island pipistrelle (Pipistrellus murrayi- Martin et al. 2012) . The causes of these extinctions are not fully known, but are thought to be of anthropogenic origin. The loss of the Christmas Island pipistrelle is particularly disturbing as intervention in the form of captive breeding may have prevented its loss (reviewed in Martin et al. 2012 ). The population of P. m. natalis is declining with estimates of less than 900 remaining as of October 2014 (Director of National Parks 2014). The cause of its decline is not known but development, vegetation shifts, phosphate mining, altered and severe weather patterns, and invasive plants and animals may be contributing factors (Wiles and Brooke 2009).
The initial 2 objectives of this study were to use DNA samples obtained from P. m. natalis to determine the genetic relationship between P. m. natalis and other genetically characterized Pteropus species, and determine the genetic diversity within P. m. natalis. These findings, coupled with recently reported P. hypomelanus sequences, allowed us to further refine the understanding of the phyologeny of P. hypomelanus and closely related species.
Materials and Methods
This research was conducted with approval from the Taronga Conservation Society Australia Animal Ethics Committee (4b/05/10f) and followed guidelines for the use of wild mammals in research approved by the American Society of Mammalogists (Sikes et al. 2011) .
Twenty-seven P. m. natalis were captured and sampled on the northeast corner of Christmas Island adjacent to the coast (latitude 10°25′36.59″S, longitude 105°42′3.92″E) as described in Hall et al. (2014) . The 28th sample was from an animal that died spontaneously and was found in the same approximate area. DNA was extracted using a DNA isolation kit (Qiagen Inc., Cladstone Centre, Victoria, Australia). DNA was amplified from the mitochondrial D-loop (n = 28), cytochrome oxidase 1 (CO1; n = 1), and cytochrome b (Cytb; n = 28) by PCR. PCR was performed in a 20-µl reaction mix containing 200 ng of DNA, 100 pmol of primers (Bastian et al. 2002; Brown et al. 2011) , 0.1 mmol of each of 4 dexoynucleotide triphosphates, 2.5 mM magnesium chloride, 0.15 unit Go Taq Flexi and 1× buffer and 1× Q solution (Qiagen). Amplification was performed in a programmable thermocycler according to the following protocol: initial denaturation step of 94°C for 5 min, followed by 10 touchdown cycles where the annealing temperature was dropped 1°C each cycle from 60°C to 50°C, and then 40 cycles where the annealing temperature was 50°C. The extension temperature was 72°C and the denaturing temperature was 94°C. Annealing times were 45 s, extension times 90 s, and denaturing times 30 s. A final extension cycle of 72°C for 5 min was included after the last amplification cycle. Amplicons were visualized on ethidium bromide-stained agarose gels. Amplicons were purified by filtration (Millipore, Macquarie Park, New South Wales, Australia) and sequenced bidirectionally using amplification primers (AGRF, Westmead, New South Wales, Australia). , and bootstrap support as calculated by ML. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. If a node was not present in either the BI or MP analyses, a − is placed instead of a value. Because the MP analysis only generated a single tree, a + is placed if the node was present and a − was placed if a node was not present. Pteropus melanotus natalis is highlighted with a star.
The sequences from each of the mitochondrial regions were separately aligned in CLC Main Workbench 5.7.1 software (Qiagen) with sequences of similar length from other Pteropus species and outgroups that were retrieved from GenBank (Appendix I). If sequences were found to be identical, only 1 was used in the analysis. When multiple sequences were available for a species, sequences were selected to show the maximum diversity within the species. A subsequent analysis was done adding an additional 11 Cytb sequences from P. hypomelanus, for which only shorter sequences were available, to the data set containing the longer sequences. Phylogenetic analyses of these independent loci were conducted using maximum parsimony (MP) and maximum likelihood (ML) methods in MEGA6 (Tamura et al. 2013) , and Bayesian inference (BI) using MrBayes (Ronquist and Huelsenbeck 2003) . For each species, there were totals of 621 (CO1), 792 (Cytb long sequences), 377 or more (Cytb shorter sequences), and 390 (D-loop) base pairs in the final matrices used for analysis.
Phylogenetic relationships were inferred by using the ML method based on the General Time Reversible model (Nei and Kumar 2000) . Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the minimum composite likelihood approach, and then selecting the topology with superior log-likelihood value. A discrete gamma distribution was used to model evolutionary rate differences among sites. All codon positions were included in the analysis. Statistical support for the nodes in the ML tree was evaluated by bootstrapping with 1,000 replicates.
The MP trees were obtained using the Subtree-PruningRegrafting (SPR) algorithm with search method SPR and search level 0 in which the initial trees were obtained by the random addition of sequences (10 replicates- Nei and Kumar 2000) .
The BI analysis was performed using the General Time Reversible model. Metropolis-coupled Markov chain Monte Carlo analyses were run with 1 cold and 3 heated chains (temperature set to default 0.2) for 10,000,000 generations and sampled every 100 generations. The 1st 25% of trees before convergence were used as burn-in. Convergence of the simulations was assessed by comparison of their marginal parameter distributions across independent replicate runs (Ronquist and Huelsenbeck 2003) .
The number of haplotypes, haplotype diversity, and nucleotide diversity for the D-loop sequences were determined using DNASP version 4.0 (Rozas et al. 2003) .
results
The CO1 and D-loop trees place P. m. natalis as a sister species to P. hypomelanus originating from Vietnam (Kruskop 2011) with strong support (Figs. 2 and 3) . The 28 D-loop sequences contained 18 haplotypes (Fig. 4) . Haplotype diversity (± SD) was 0.942 ± 0.029. Nucleotide diversity was 0.074, whereas the nucleotide polymorphism index (± SD) was 0.0286 ± 0.0098. The number of polymorphic sites was 42 and the average number of nucleotide differences between haplotypes was 10.36.
The results of the Cytb phylogeny using long sequences (Fig. 5) are essentially identical to those of the most recent analysis of Pteropus (Almeida et al. 2014) . P. m. natalis (6 of 10 haplotypes identified, representing the most divergent haplotypes, are shown) maps to a large clade containing 3 subclades, including a subclade with 3 species from New Guinea or Australia (P. neohibernicus, P. conspicillatus, and P. alecto) and a subclade containing P. tonganus, P. mariannus, and P. pelewensis, including both of its subspecies, whose range is each confined to 1 or a few islands in the western Pacific Ocean. The 3rd subclade containing P. m. natalis also contains 3 specimens of P. hypomelanus whose ancestors were collected on Pulau Panjang, an island off the northeastern tip of Java, Indonesia (B. Pope, Lubee Bat Conservancy, pers. comm.; Fig. 1 ). The P. speciosus sequence is found on a branch in this subclade, basal to the one containing P. m. natalis with a putative P. hypomelanus sequence from a flying fox collected from Calayan, the Philippines. This individual has been labeled as P. hypomelanus putative in Fig. 5 . The P. griseus sequence is on the most basal branch of this subclade. Within the larger clade, a P. hypomelanus sequence (P. hypomelanus Philippines 6) from an animal collected on Batbattan Island, the Philippines, forms a single sequence subclade that is basal to the others.
Pteropus hypomelanus has a large but discontinuous range extending across the Philippine and Indonesian islands including Sulawesi, islands to the north and east of New Guinea, and the northeast edge of New Guinea (Simmons 2005) . P. specious is reported from several small islands on the north and east edges of the Celebes Sea (Simmons 2005) . The source of the P. specious sequence is Mindanao, the Philippines (Fig. 1) . The range of P. griseus includes multiple islands to the east of Java in Indonesia including Sulawesi and Timor (Francis et al. 2008b ). This sequence was obtained from a specimen from Timor (Fig. 1) .
The expanded ML and MP analyses using all available, more geographically representative, but in 11 instances shorter Cytb sequences of P. hypomelanus map P. m. natalis within a clade containing the 3 P. hypomelanus sequences from Pulau Panjang (Fig. 6) . P. griseus is also placed in this same clade basal to both species, however, with only limited statistical support.
The remaining P. hypomelanus sequences fall into 2 separate clades based on ML and MP analyses (Fig. 6) . The first of these clades contains 6 specimens from the Philippines and P. speciosus. The 6 specimens from the Philippines were collected on Luzon Island or adjacent islands. Five are described morphologically as P. hypomelanus (Esselstyn et al. 2008 ). The 6th is reported to be P. pumilus (a species found on islands in the eastern part of the Celebes Sea- Bastian et al. 2002 ; GenBank: AB062473.1). Given that this specimen is listed as collected in Luzon, which is not in the range of P. pumilus ), it appears that it has been misidentified and is actually a specimen of P. hypomelanus (Francis et al. 2008a ). MP and ML analyses place P. speciosus basal to the P. hypomelanus Table 1. species in this clade (Fig. 6) . BI (not shown) also separated the 3 hypomelanus groups and created a subclade containing P. m. natalis and the 3 sequences originating from animals from Pulau Panjang. BI, however, was unable to resolve the relative phylogenetic relationships between these subclades and could not resolve the positions of P. specious and P. griseus. The 2nd clade contains 3 animals from 2 distant sites in Malaysia (Fig. 1) and an animal collected on Batbatan Island (Fig. 1) in the Philippines (Bastian et al. 2002; Guan et al. 2006 ).
discussion
The 1st objective of this study was to determine the phylogentic relationship of P. m. natalis to other known Pteropus species. Phylogenetic analysis using CO1, D-loop, and Cytb sequences and 3 distinct analytical methods gave highly consistent results. Combined, they show that P. m. natalis maps within a large clade that contains Australian and Pacific Island Pteropus species and is closely related to P. hypomelanus. This clade is referred to as the griseus species group by Almeida et al. (2014) .
The relationship between P. m. natalis and P. hypomelanus is complicated by the previously unreported genetic structure in specimens described morphologically as P. hypomelanus. Almeida et al. (2014) suggest that P. hypomelanus may not be monophyletic. Our tree (Fig. 5) , based on the longer sequences of the Cytb gene, provides additional evidence that this is true, with P. m. natalis being a sister clade containing specimens of P. hypomelanus from Pulau Pajang, while a specimen of P. hypomelanus from the Philippines forms a distinct single-species clade.
Phylogenetic analysis using additional, but shorter, Cytb sequences from P. hypomelanus, representing animals sampled over a greater geographic region (Fig. 6) , shows that the morphologically identified specimens of P. hypomelanus, in fact, form 3 genetically and geographically distinct subclades and thus, P. hypomelanus is not a monophyletic species. The precise relationship between the 3 P. hypomelanus groups and P. m. natalis, P. speciosus, and P. griseus will require additional analysis with longer sequences, particularly with the use of sequences from nuclear DNA, and additional morphological studies. Nonetheless, the amount of divergence Table 1. between and within these groups based on the current data is comparable to that seen in other Pteropus species groups. This evidence makes the initial case that P. hypomelanus actually represents at least 3 genetically defined species and confirms that P. melanotus is also a genetically distinct species. It would also seem likely, given the paucity of genetic data from P. hypomelanus from across its range, that it contains more unrecognized genetic diversity than demonstrated by the current databases.
The 2nd objective of this study was to estimate the current level of genetic diversity within P. m. natalis. The population of P. m. natalis has declined from an estimated 6,000 animals in 1985 (Tidemann 1985) to approximately 900 in late 2014 (Director of National Parks 2014). This decline has prompted concerns that genetic diversity is being lost. Without historical data it is impossible to determine what has been lost. However, based on the D-loop diversity found in our study (18 haplotypes out of 28 animals sampled, haplotype diversity = 0.942), the current population maintains a significant amount of genetic diversity.
In conclusion, understanding of the relatedness of species within the genus Pteropus has recently expanded dramatically (Almeida et al. 2014) . Our data add to this understanding by demonstrating that P. hypomelanus is polyphyletic and showing how the 3 subclades that contain its sequences relate to P. m. natalis, P. speciosus, and P. griseus. Our data also provide the 1st estimate of the genetic diversity present in P. m. natalis. The diversity data are valuable as baseline data for subsequent studies monitoring genetic diversity of this species and if captive breeding programs are ever necessary. The sequence data also allow investigators to establish the genetic relatedness of P. m. natalis to the other P. melanotus subspecies and other closely related species.
Our results also demonstrate that understanding the genetic diversity of the Pteropus species found across the Indo-Pacific to Australia is critical. Evidence now supports the concept that significant genetic diversity and unexpected structure exists in some of these species in this region, particularly P. hypomelanus. Given that many of these populations are declining and, in many instances, the status of individual populations is not known, there is considerable urgency for sampling of these flying foxes across their range so that important genetic lineages can be identified and conservation efforts put in place before they are lost forever. acknowledgMents Environment, Taronga Conservation Society Australia, and the Wildlife Health and Conservation Clinic, The University of Sydney. We thank M. Misso, M. Gant, M. Smith, and the Christmas Island National Park staff for their assistance. We are also grateful to J. Šlapeta for his technical assistance and the reviewers whose comments improved the final version of the manuscript.
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